Paneth cells at the base of small intestinal crypts secrete microbicidal ␣-defensins, termed cryptdins (Crps) in mice, as mediators of innate immunity. Proteomic studies show that five abundant Paneth cell ␣-defensins in C57BL/6 mice are strain specific in that they have not been identified in other inbred strains of mice. Two C57BL/6-specific peptides are coded for by the Defcr20 and -21 genes evident in the NIH C57BL/6 genome but absent from the Celera mixed-strain assembly, which excludes C57BL/6 data and differs from the NIH build with respect to the organization of the ␣-defensin gene locus. Conversely, C57BL/6 mice lack the Crp1, -2, -4, and -6 peptides and their corresponding Defcr1, -2, -4, and -6 genes, which are common to several mouse strains, including those of the Celera assembly. In C57BL/6 mice, ␣-defensin gene diversification appears to have occurred by tandem duplication of a multigene cassette that was not found in the mixed-strain assembly. Both mouse genome assemblies contain conserved ␣-defensin pseudogenes that are closely related to functional myeloid ␣-defensin genes in the rat, suggesting that the neutrophil ␣-defensin defect in mice resulted from progressive gene loss. Given the role of ␣-defensins in shaping the composition of the enteric microflora, such polymorphisms may influence outcomes in mouse models of disease or infection.
Mammalian ␣-defensins are cationic antimicrobial peptides (AMPs) with microbicidal activities against many species of bacteria and fungi, antiviral functions, and diverse immunomodulatory effects (16, 26, 56) . Although ␣-defensin genes are absent in the cattle and dog genomes (13, 42) , the peptides are expressed in distant mammalian species, including humans and primates as well as additional Euarchontoglires, such as horses (5, 6) , elephants, opossum, tenrecs (3, 30) , and the platypus (65, 66) .
Bone marrow promyelocytes and Paneth cells in the crypts of Lieberkühn of the small intestine are the two major sites of ␣-defensin gene expression and peptide biosynthesis. In neutrophils, ␣-defensins in azurophil granules contribute to nonoxidative killing of ingested microbes following phagolysosomal fusion (55) . Paneth cells secrete ␣-defensins into the crypt lumen, and they have a key role both in mediating enteric innate immunity and in determining the composition of the small intestinal microbiome (46, 47) . Myeloid and Paneth cell ␣-defensin genes differ: genes expressed by Paneth cells consist of two exons separated by a single intron of ϳ500 bp (20, 21, 56) , in contrast to 3-exon myeloid ␣-defensin genes which have an additional intron that interrupts the 5Ј-untranslated region near the translation initiation site (17, 28) . Curiously, the mouse is the only species known to express Paneth cell ␣-defensins but to lack them in neutrophils (12) .
Aside from three canonical structural features, including six invariantly placed Cys residue positions, a canonical Arg-Glu salt bridge, and a highly conserved Gly residue position, the primary structures of ␣-defensins are remarkably diverse (26, 50, 56) . In most species, several distinct isoforms occur at high levels in neutrophils and also in Paneth cells (22, 38) . The extensive divergence of ␣-defensin primary structures, even between closely related species, often complicates identification of peptide orthologs. In the mouse, for example, 26 Crp isoform cDNAs have been described (19, 41) , but only 6 Crps have been detected at the peptide level in outbred Swiss mice (10, 36, 38, 54) and/or in a variety of inbred strains, including 129/SvJ (20) , C3H/HeN (18, 20) , C3H/HeJ (8, 38) , NMRI/KI, FVB, and BALB/c (23) , and FVBJ (58) . In addition to Crpcoding Defcr genes, Paneth cells of inbred and outbred mice also express two-exon Defcr-rsN genes (provisional gene designation, where N ϭ 1 to 12), which code for Cys-rich sequence 1C (CRS1C) and 4C (CRS4C), peptides that are unique to the mouse as a species (18, 19, 39) . Although the CRS1C and CRS4C peptides differ markedly from ␣-defensins, the DefcrN (provisional designation for the gene coding for mouse Paneth cell ␣-defensins, where N ϭ 1 to 27) and Defcr-rsN genes have nearly identical first exons. Although the literature implies that inbred strains of mice have the same complement of ␣-defensin and CRS peptides, new evidence shows otherwise.
Previously (58) , two distinctive ␣-defensins were reported in C57BL/6 small bowel, consisting of two Crp4-related variants that had not been found earlier in cloning and peptide studies of 129/SvJ, C3H/HeJ, BALB/cJ, or outbred Swiss mice (8, 10, 18, 20, 32, 33, 38, 54). These observations and FIG. 1. Purification of C57BL/6 mouse Paneth cell ␣-defensins and their precursors. Chromatograms depict C 18 RP-HPLC separations of C57BL/6 ␣-defensins (A) and pro-␣-defensin (B) peptides. Peptides with apparent molecular masses of 4 to 5 kDa from P-30 gel permeation chromatography were applied to a Vydac 218TP54 C 18 RP-HPLC column and developed with a 23% to 33% (vol/vol) acetonitrile gradient for 100 min. Seven peaks, numbered 1 to 7, were identified tentatively by MALDI-TOF MS as containing candidate ␣-defensin peptides (Materials and Methods). In panel B, peptide fractions from P-30 chromatography containing peptides with apparent molecular masses of 8 to 9 kDa were applied to the C 18 column in 0.1% (vol/vol) trifluoroacetic acid, and proteins were resolved with a 25% to 40% (vol/vol) acetonitrile gradient for 150 min. As in panel A, MALDI-TOF MS analyses identified seven peaks, numbered 8 to 14, as containing putative pro-Crps. Following final purification of the peptides shown in panels A and B, 2-g samples of recombinant peptides were analyzed by AU-PAGE and stained with Coomassie blue. In panel C, the lanes are as follows: 1, Crp3; 2, Crp20; 3, Crp23; 4, Crp27; 5, Crp24; 6, Crp5; and 7, Crp4. In panel D, the lanes are as follows: 8 and 9, pro-Crp20; 10, pro-Crp3; 11, pro-Crp23; 12, pro-Crp27; 13, pro-Crp24; 14, pro-Crp5 (Fig. 2) ; and pC4, recombinant pro-cryptdin-4.
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Analysis of C57BL/6 pro-␣-defensins. To identify putative pro-Crps purified from C57BL/6 small intestine, samples consisting of 5 g of each purified peptide were incubated with or without 0.5 molar equivalent of MMP7 in a mixture of 1 mM HEPES, 15 mM NaCl, and 0.5 mM CaCl 2 (pH 7.4) for 18 h at 37°C (2, 58, 67) . Samples of digests were analyzed by AU-PAGE and MALDI-TOF MS as described in the previous section. For analyses of MMP7 digests of pro-Crp5, approximately 200-ng quantities of complete digests were subjected to 5 or more cycles of N-terminal peptide sequencing at the former UCI Biomedical Protein and Mass Spectrometry Resource Facility.
Bactericidal peptide assays. Escherichia coli ML35, Staphylococcus aureus 710a, Listeria monocytogenes 10403S, the Salmonella enterica serovar Typhimurium ⌬PhoP mutant (provided by Samuel I. Miller, University of Washington), and Vibrio cholerae 0395 were tested for peptide sensitivity in bactericidal peptide assays. These are laboratory strains rather than fresh clinical isolates, and they were selected because their in vitro responses to ␣-defensins and additional antimicrobial peptides are well characterized (29, 60, 61) . Individual peptides were incubated at the concentrations shown with 1 ϫ 10 6 CFU/ml of log-phase bacterial cells in 50 l buffer consisting of 10 mM PIPES [piperazine-N,NЈ-bis(2-ethanesulfonic acid), pH 7.4] supplemented with 1% (vol/vol) of Trypticase soy broth (TSB) at 37°C for 1 h. After the incubation mixtures had been diluted 100-fold, they were plated on semisolid media using a Spiral Biotech Autoplater 4000 (Spiral Biotech, Bethesda, MD). Bacterial cell survival was determined by counting bacterial CFU after overnight growth.
Bioinformatics analyses. To identify genes coding for C57BL/6 mouse Crps, nonredundant nucleotide, protein, and mouse expressed sequence tag (est_ mouse) GenBank databases using the BLASTP and BLASTN programs at NCBI (http://www.ncbi.nlm.nih.gov/BLAST/) as well as the RIKEN mouse cDNA database (http://fantom.gsc.riken.jp/4/). The query peptide sequences used for searching were Crp1, Crp4, Crp5, and Crp20, the product of the C57BL/6 Defcr-20 gene and previously termed Crp4(B6a) (58) .
␣-Defensin gene locus analysis in mouse and rat. To identify and determine the relative positions of ␣-defensin genes in the mouse and rat genomes, the NCBI and Celera mouse (NCBI build 37.1) and rat genome assemblies (NCBI build 3.4) were interrogated using TBLASTN at the Mouse Genome Resources page at NCBI (http://www.ncbi.nlm.nih.gov/genome/guide/mouse). cDNA sequences corresponding to full-length Crp1 (Defcr1; NM_010031) and Crp4 (Defcr4; NM_010039) mRNAs were used to search for rat genomic sequences with similarities to mouse enteric ␣-defensin gene sequences. Similarly, CRS1C and CRS4C genes and sequences similar to these genes were located by querying the same databases using full-length CRS1C-1 (Defcr-rs1; NM_007844) and CRS4C-1 (Defcr-rs2; NM_007847) sequences in genomic BLAST searches. Queries with full-length cDNA sequences for rat myeloid ␣-defensin RatNP-1/2 (Defa1/2; NM_173329), rat enteric ␣-defensin RD-5 (Defa5; AF115768), and Defa1/2 exon 1, were used to further characterize murine ␣-defensin gene organization. The chromosome locations of the ␣-defensin (Defcr), CRS1C, and CRS4C (Defcr-rsN) genes, as well as genes with apparent similarities to these ␣-defensin related families, were recorded using the Map Viewer program (http: //www.ncbi.nlm.nih.gov/mapview). The coding functions of genomic sequences located by BLAST searches were assigned by translating sequences in six reading frames and locating the canonical Cys spacings that define the ␣-defensin, CRS1C, and CRS4C peptides. Unassigned or unannotated genes were designated according to the extent of similarity of the deduced genomic sequence translation products to previously described mouse and rat ␣-defensin and CRS peptides using BLASTP at NCBI.
In the C57BL/6J assembly, Defcr genes were found in two nonoverlapping contigs (NT_039455.7 and NT_039457.7) that are separated by an unsequenced gap of approximately 2.0 Mb (Table 1 ). An additional contig, termed "ungenomic chromosome 8 specific contig" (NT_166309.1), has not been aligned on the assembly to our knowledge (Table 1; see Table S3 in the supplemental material). In the Celera mixed-strain assembly, ␣-defensin-coding sequences are located on eight nonoverlapping chromosome 8 contigs (NW_001030882.1, NW_001030885.1, NW_001030886.1, NW_001030887.1, NW_001030888.1, NW_001030889.1, NW_00103891.2, and NW_00103892.1) separated by unsequenced gaps of an average 268 kb (Table 2; see Table S4 in the supplemental material). Additional "ungenomic contigs" (NW_001031579.1, NW_001034677.1, NW_001034895.1, NW_001037941.1, NW_001071933.1, NW_001072513.1, NW_001072962.1, NW_001073383.1, and NW_001073917.1) also include ␣-defensin genes in the Celera assembly (Table 2; see Table S4 in the supplemental material).
Phylogenetic analysis of mouse and rat ␣-defensin, CRS1C, and CRS4C genes. To determine the evolutionary relationships of murine ␣-defensin genes, the nucleotide sequences of intron 1 of mouse and rat enteric ␣-defensin, CRS1C, and CRS4C genes, intron 2 sequences of rat myeloid ␣-defensin genes, and intron 2 sequences of apparent mouse myeloid ␣-defensin pseudogenes were acquired from GenBank. Multiple sequence alignments were performed using ClustalW from the MEGA software version 4.0 (25, 59) . Phylogenetic trees were constructed using the neighbor-joining method (45) 
RESULTS
In a previous study, two novel Paneth cell ␣-defensins, then termed Crp4(B6a) and Crp4(B6b), were purified from C57BL/6 mouse small intestine (58) . Those peptides are coded for by the Defcr20 and Defcr21 genes, respectively. Alignments of their deduced precursor sequences showed that the Defcr20-and Defcr21-coded proregions were most similar to pro-Crp4, which is coded by the Defcr4 gene cloned from the 129/SvJ strain (58) . Previous analyses of intestinal cDNAs and genes from outbred Swiss mice and inbred strains, including 129/SvJ, C3H/HeN, C3H/HeJ, NMRI/KI, FVB, BALB/c, and FVBJ had not detected these Crp4-related coding sequences, prompting a proteomics and genomics study of C57BL/6 ␣-defensins.
Polymorphisms in C57BL/6 mouse Paneth cell ␣-defensin peptides. To assess C57BL/6 ␣-defensin diversity, protein extracts of C57BL/6 small intestine were separated by gel permeation chromatography, and samples of column fractions were analyzed by AU-PAGE and by MALDI-TOF MS (see Materials and Methods). Fractions containing nominal 4-to 6-kDa peptides of high mobility in AU-PAGE (data not shown) were combined for further RP-HPLC purification and MS analysis of putative ␣-defensins. Nominal 8-to 10-kDa peptides were subjected to separate pro-␣-defensin isolation and analysis. Seven putative Crps (Fig. 1A , peaks 1 to 7) and pro-Crps (Fig. 1B , peaks 8 to 14) were identified by MS, and each was purified by using analytical C 18 RP-HPLC (data not shown) to apparent homogeneity as judged by chromatograms and analytical AU-PAGE analyses ( Fig. 1C and D) . Individual, isolated Crp peptides migrated in AU-PAGE with mobilities characteristic of mouse ␣-defensins (38, 51, 54) , and putative pro-Crps comigrated with recombinant pro-Crp4 (Fig. 1D) . Individual peptides were reduced and reacted with iodoacetamide, and the atomic masses of each candidate peptide increased by ϳ348 AMU (Fig. 2B ), corresponding to carboxyamidomethyl group modification of molecules containing six Cys residues, a characteristic feature of ␣-defensins and their precursors (see Materials and Methods). Peptide fractions with peaks evident in Fig. 1A and B but which did not conform to these ␣-defensin or pro-␣-defensin criteria were not analyzed further, but it remains possible that additional C57BL/6 ␣-defensins exist.
Paneth cell ␣-defensins specific to C57BL/6 mice. Analyses of isolated C57BL/6 Paneth cell ␣-defensins (Fig. 1A , lanes 1 to 7) showed that most abundant C57BL/6 Crps differ from those identified previously in other mouse strains. Comparisons with known Crps or Crps deduced from cDNAs showed that masses acquired for C57BL/6-derived Crps corresponded to distinct Crp isoforms ( Fig. 2A) and 27 have not been reported in other mice. Potential C57BL/ 6-specific Crp cDNA sequences also were retrieved from the RIKEN C57BL/6 mouse small intestinal cDNA database (http: //fantom.gsc.riken.jp/4/) by BLASTP searches using Crps 1 to 6 as query sequences (see Table S1 in the supplemental material). Except for Crps 3 and 5 ( Fig. 1A , peaks 1 and 7, respectively), the m/z values of five C57BL/6 Crps differed from those of previously described mouse ␣-defensins ( Fig. 2A ). For example, the mass of the peak 2 peptide is greater than that of any Crp characterized from other strains (54), corresponding to Crp20 ( Fig. 2A and B) . The unusual mass of Crp20 results from a mutation of the MMP7 cleavage site at the proregiondefensin junction, thus extending the peptide N terminus (58) . C57BL/6 mouse Paneth cell ␣-defensins identified also included Crp21, Crp23, and Crp24 ( Fig. 2A and B ; see Table S1 in the supplemental material). The last of the purified C57BL/6 ␣-defensins was inferred to be Crp27, because it matched the product deduced from a C57BL/6 small bowel cDNA sequence (Fig. 2B) . The corresponding Crp27 gene has not been identified, and no gene symbol has been assigned. However, the purification of both Crp27 and pro-Crp27 peptides shows that a Crp27 gene exists, perhaps within one of the unsequenced gaps of the ␣-defensin locus in the NIH C57BL/6 assembly (see Fig. 4A ). The known or deduced Crps and the strains in which they are known to occur are summarized in Tables 1 and 2 and  in Tables S1 and S2 in the supplemental material, showing that five of seven abundant ␣-defensins detected in C57BL/6 mouse small bowel have not been described previously in other mouse strains. Pro-Crps specific to C57BL/6 mouse small intestine. Individual peptides purified from the nominal 8-to 10-kDa P-30 fractions (Fig. 1B) were identified as pro-␣-defensins by MALDI-TOF MS analyses after in vitro proteolysis with MMP7, the activating convertase for mouse Paneth cell pro-␣-defensins (58, 67) . For example, MMP7 digestion of peaks 8 and 9 generated major products of 4,945.9 AMU and 4,947.6 AMU, respectively, the mass of Crp20, identifying both peaks as pro-Crp20 (Fig. 2B) . By similar MS analyses of major MMP7 cleavage products, peaks 10 to 13 were identified as pro-Crp3, pro-Crp23, pro-Crp27, and pro-Crp24, respectively ( Fig. 2A and B) . The major product of MMP7 proteolysis for peak 14 had a mass of 4,314.8 AMU, corresponding to Crp5 and showing that peptide 14 is pro-Crp5.
Because the pro-Crp5 primary structure diverges substantially from pro-Crps whose processing by MMP7 has been described (2, 58, 67), we determined the MMP7 processing sites within pro-Crp5 by N-terminal sequencing of MMP7-digested pro-Crp5. Four N-terminal sequences were obtained: (i) DPIHKT, the N terminus of pro-Crp5(20-93), (ii) ISF-GGQ, resulting from the Ser-432Ile-44 cleavage event, (iii) LHEELS, resulting from Ala-532Leu-54 cleavage; and (iv) LSKKLI, resulting from cleavage at Glu-572Leu-58, the Crp5 N terminus. These cleavage positions are consistent with the general preference of MMP7 for Leu or Ile at the PЈ position of the cleavage site. Thus, MMP7 processes pro-Crp5 at proregion residue positions that correspond to pro-Crp cleavage sites characterized previously, even though the amino acids at the Crp5 peptide N terminus are distinct from those of other known pro-Crps (2, 58) .
Bactericidal peptide activities of C57BL/6 Crps. Because the abundant C57BL/6 peptides are variants of known sequences, we compared their activities to Crp4 in in vitro bactericidal peptide assays. Although Crp4 is the most potent of the known mouse Paneth cell ␣-defensins (38, 54), the bactericidal peptide activities of Crps 20, 24, and 27 ( Fig. 2A) were equivalent to that of Crp4 at 5 g/ml or less peptide against the Grampositive species assayed ( Fig. 3C and D) . On the other hand, Crps 20, 24, and 27 were less bactericidal against certain Gramnegative bacteria, including the attenuated S. enterica serovar Typhimurium ⌬PhoP strain and E. coli ML35 (Fig. 3A and B) . Full-length or N-terminally truncated forms of Crps 3, 5, 20, 21, 24, and 27 exist in C57BL/6 colonic lumen (J. R. Mastroianni et al., unpublished observations), showing that the prevalent Crps in C57BL/6 mice are both bactericidal and persist after secretion (31) . The data shown in Fig. 3 are representative of three replicate dose-sensitivity assays for each target organism and were highly consistent. The results support the view that C57BL/6 Crps and Crps 3 and 5, which are common to C57BL/6 and varied inbred strains, also mediate innate immunity (47) . Also, because the activities of Crps 20, 24, and 27 against the S. enterica serovar Typhimurium ⌬PhoP strain, which is highly susceptible to defensin-mediated bactericidal effects, and E. coli ML35 are reduced relative to Crp4 (Fig.  3A and B) , we speculate that they may be more permissive toward Gram-negative species of the microflora. Because most C57BL/6 Crps are distinct from Crps of other mouse strains (Fig. 2) , we compared Crp-coding Defcr genes and their organization in the NIH (C57BL/6) and Celera (mixed-strain) genomic assemblies. ␣-Defensin and CRS4C gene polymorphisms in C57BL/6 mice. The region of mouse chromosome 8 containing ␣-defensin (Defcr) and defensin-related CRS1C and CRS4C (DefcrrsN) genes (1, 19, 40) was searched using full-length Crp, CRS1C, and CRS4C cDNA query sequences (see Materials and Methods and Tables S1 and S2 in the supplemental material).
Two mouse genome reference assemblies were studied. The first was the C57BL/6J reference assembly produced by the NIH consortium, and the second was the "alternative" assembly of Celera Genomics from whole-genome shotgun sequencing of the A/J, DBA/2J, 129ϫ1/SvJ, and 129S1/SvImJ inbred strains and from which C57BL/6 sequences are excluded. The characterized or deduced ␣-defensin and ␣-defensin-related (i.e., CRS1C and CRS4C) precursors in both assemblies are shown in Fig. S1A to C in the supplemental material, with documentation of their chromosomal positions shown in Tables 1 and 2 and in the more complete data in Tables S3  and S4 in the supplemental material. The genes coding for C57BL/6-specific ␣-defensins were located and analyzed for potential polymorphisms and gene copy numbers (see Materials and Methods). Because one mouse ␣-defensin pseudogene, vDefcr2-ps, is currently annotated as "similar to the rat NP-1 myeloid ␣-defensin gene" (Defa1; not shown), BLAST searches also were performed using rat ␣-defensin cDNA sequences.
As recently reported (1), the C57BL/6 mouse ␣-defensin genes are organized as two sets that span approximately 4.5 Mb at chromosomal position 8pA2 in proximity to ␤-defensin gene clusters (Fig. 4) . Comparisons of ␣-defensin, ␣-defensin-like, and CRS genes in the NIH and Celera assemblies disclosed several differences between the C57BL/6 and mixed-strain ␣-defensin loci. For example, in the NIH C57BL/6 assembly, 16 ␣-defensin (Defcr), 5 CRS1C (Defcr-rs1), and 2 CRS4C (Defcr-rsN) genes have been located and annotated (Table 1) , and in the Celera mixed-strain assembly, 7 DefcrN, 1 Defcr-rs1, and 2 Defcr-rs2 to -12 genes have been annotated ( Table 2) . The determined or predicted primary structures of ␣-defensin (Defcr) and ␣-defensin-related (Defcr-rs) coding sequences of both assemblies are summarized in Fig. S1A to C in the supplemental material. The C57BL/6J genome includes the Defcr20a, Defcr20b, and Defcr21 genes that were not detected in the current Celera assembly build (Fig. 4A and Tables 1 and  2; see Tables S1 and S2 in the supplemental material). Conversely, C57BL/6 mice lack the Defcr1 (Crp1), Defcr2 (Crp2), Defcr4 (Crp4), Defcr6 (Crp6), and Defcr7 (Crp7) genes found in the Celera assembly strains as well as in 129/SvJ, C3H/HeJ, FVB, BALB/cJ, and outbred Swiss mice (38) .
Crp27 has been characterized in C57BL/6 ileum at the cDNA and peptide levels ( Fig. 2 ; accession no. AV070188), and the peptide has been isolated from C57BL/6 colonic lumen (J. R. Mastroianni et al., unpublished data). The Crp27 coding gene has yet to be located in either assembly but is likely to be in an unsequenced gap in the locus (1). Thus, C57BL/6 mice express a distinct panel of Paneth cell ␣-defensins ( Fig. 2 and Tables 1 and 2 ; see Fig. S1A to C in the supplemental material), and these comparisons of the genomic assemblies provide the genetic basis for the differences (Fig. 4A and B and Tables  1 and 2 ). (Fig. 1) , peptides were identified as putative ␣-defensins by cysteine content after iodoacetamide modification (see Materials and Methods). Comparisons of those masses with C57BL/6-derived Crp-encoding cDNA sequences enabled the primary structures of the isolated peptides to be deduced. In panel A, the identities of seven abundant C57BL/6-specific ␣-defensins (Fig. 1A and C) are identified and shown with their primary structures. In panel B, the experimentally determined molecular masses of the purified peptides (Fig. 1) are listed beside the molecular masses of the deduced products of the Crp-encoding cDNAs that are most comparable to the molecular mass of the purified peptide.
FIG. 3. In vitro bactericidal peptide activity of C57BL/6-derived ␣-defensins. Exponentially growing cells of the Salmonella enterica serovar Typhimurium phoP⌬ strain (A), Escherichia coli ML35 (B),
Staphylococcus aureus (C), and Listeria monocytogenes (D) were exposed to the peptide concentrations shown at 37°C in 50 ml 10 mM PIPES buffer supplemented with 1% TSB for 1 h. Symbols: F, Crp20; E Crp4; ƒ, Crp27; and , Crp24. Following peptide exposure, the bacteria were plated on Trypticase soy agar and incubated overnight at 37°C, and bacterial cell survival was determined by counting the CFU/ml at each peptide concentration. The panels are representative of three independent experiments in each case. Values at or below 1 ϫ 10 3 CFU/ml signify that no colonies were detected. A repeated multigene cassette in the C57BL/6 mouse ␣-defensin gene locus. The mouse ␣-defensin gene locus exhibits variability in the arrangement of Defcr and nondefensin coding genes (1). This is most evident for the genes clustered between Defb51/52 and Defb1 in the NIH C57BL/6J assembly (Fig. 4A) . The approximately 800 kb of DNA, interrupted by an unsequenced gap of approximately 50 kb, provided the longest sequenced chromosomal region for examination of ␣-defensin gene organization (Fig. 4A and Table 1; see Table S3 in the supplemental material). In this region of the chromosome, a unit consisting of 8 to 10 genes or pseudogenes is repeated approximately six times. For example, beginning with the most telomeric cassette of the cluster, the order of 10 genes identified was as follows: Defcr213Defma8-ps3Defcr23a3 Defcr5a3Defma9-ps3Defcr253ribo L213CRS1C-23Zn-MYM3Defma1
Hyb -ps ( Fig. 4A and Tables 1 and 2 ). (Please note that DefmaN-ps genes are vestigial mouse myeloid ␣-defensin genes as described in the following section.) Although ribo L21 or Defma1
Hyb -ps genes are not found in every repeat, the relative position of DefcrN N , DefmaN N -ps, Defcr5 N , CRS1C N , and Zy-MYM N genes is conserved in the six repeated cassettes (Fig. 4A) . In certain Defcr5 gene copies, the deduced signal peptides and proregions contain substitutions compared to the 129/SvJ Defcr5 gene (1, 19) (see Fig S1A to C in the supplemental material) . However, every Defcr5 gene repeat codes for the same Crp5 peptide previously reported (54), a primary structure that is distinct from all known ␣-defensins. The fourth repeated Crp5 gene sequence is incomplete, and we speculate that the 5Ј region of that multigene cassette is in the unsequenced gap telomeric of Defma14 N -ps. The ␣-defensin loci of the NIH and Celera assemblies differ markedly. For example, the current mixed-strain assembly build contains only a single Defcr5 gene copy, in contrast to the five in the NIH C57BL/6 genome. Consistent with peptide studies ( Fig. 1 and 2 ), the Celera assembly lacks genes corresponding to C57BL/6-specific ␣-defensins Crps 20, 21, and 27, but it does contain Defcr1, -2, -4, -6, and -7 and additional CRS4C-coding genes not found in the C57BL/6 genome (Fig .  4A and Table 2 ; see Fig S1A to C in the supplemental material). Also, nondefensin genes interspersed with Defcr genes in the Celera assembly are more numerous and differ from those in the C57BL/6 mouse ␣-defensin locus (Fig. 4A and Table 2;  see Table S4 in the supplemental material). Because gaps in the Celera assembly are more numerous and extensive than in the NIH build, genes and cDNAs cloned from the constituent strains have not been ordered on the locus. In contrast to these disparities, the arrangement of DefbN and DefmaN-ps genes within the telomeric ␤-defensin cluster between Xkr5 and Defb7 are nearly the same in both assemblies (Fig. 4B and Tables 1 and 2 ). Thus, the gene cluster more distal from the telomere seems to be less stable. Perhaps, cis-acting elements that flank the repeated cassette promote recombination in that region of the C57BL/6 locus to facilitate gene duplications that expanded the ␣-defensin gene family. Thus, the arrangement and diversity of ␣-defensin-coding Defcr genes in C57BL/6 mice diverge markedly at this location from those of the other inbred strains investigated.
Vestigial mouse myeloid ␣-defensin genes. Most mammals, including the rat, express both myeloid and enteric ␣-defensins (9, 11), but mouse neutrophils lack ␣-defensins (12). To investigate this unusual feature of the mouse, the genome assemblies were queried with cDNAs for rat myeloid ␣-defensins RatNP-1/2 (Defa1/2; NM_173329), enteric ␣-defensin RD-5 (Defa5; AF115768), and Defa1/2 exon 1 as a specific marker for myeloid ␣-defensin genes. The rat ␣-defensin genes at chromosome 16q12.5 were found within a single contig of ϳ230 kb, where they are arrayed between two ␤-defensin gene clusters and flanked by Defb51 and by Defb1 (1) (see Fig. S2 and Table  S5 in the supplemental material). The expression sites of the 18 rat ␣-defensin genes and pseudogenes were inferred to be enteric or myeloid on the basis of their respective two-or three-exon gene structures, although because rat Defa3 and Defa12-ps are expressed both in bone marrow and in small bowel (41), gene structure may not be a fully reliable criterion for predicting exclusive sites of expression in rats.
The mouse genome contains vestigial myeloid ␣-defensin genes that are related to their functionally orthologous genes in the rat (Fig. 4 to 7) , but none is predicted to produce functional peptide. Mouse ␣-defensin pseudogenes (19 in the NIH assembly and 23 in the Celera assembly) have extensive nucleotide sequence similarity to myeloid ␣-defensin genes from the rat (Fig. 4 and 5 and Tables 1 and 2 ). These pseudogenes are provisionally termed DefmaN-ps for "defensin myeloid alpha-pseudogene," where N ϭ 1 to 23, numbering from the telomere toward the centromere. Each DefmaN-ps gene identified consists of three exons. The deduced DefmaN-ps first exons are highly similar to first exons of the rat myeloid ␣-defensin genes, as shown by both a TCoffee alignment (Fig. 6 ) and by individual pairwise BLAST comparisons of all first exons (data not shown). Seven of these three-exon vestigial myeloid C57BL/6 genes and 10 genes in the mixed-strain assembly occur within the conserved telomeric ␤-defensin gene cluster between Defb53 and Defb7 and are separated from the ␣-defensin, CRS1C, and CRS4C genes that are flanked by Defb51/52 and Defb1 (Fig. 4A and B and Tables 1 and 2 ). The proximal arm of mouse chromosome 8 is delineated. The genomes are oriented with the telomere (Tel) to the left. White line segments represent regions of the chromosome that are currently mapped and annotated. Chromosomal regions that have yet to be described are represented by black line segments. The two depicted genome selections, which include sequences between chromosomal positions 18.9 Mb and 23.6 Mb, are proportionally scaled, with the exception of those regions indicated by a line break (//). Individual genes and their transcriptional orientations are indicated by colored arrows as follows: ␤-defensin genes, green; mouse Paneth cell ␣-defensin (DefcrN), CRS1C, and CRS4C (Defcr-rsN) genes, black; vestigial myeloid ␣-defensin (Defma-psN) pseudogenes related to functional myeloid ␣-defensins of the rat, red; mouse Paneth cell ␣-defensin (exon 1) and apparent ␣-defensin hybrid (DefmaN-ps HybN/C ) pseudogenes, blue; and nondefensin genes, orange. The black lines that connect the two assemblies show that the ␣-defensin locus between the two ␤-defensin clusters (i.e., bordered by connecting lines in the NIH assembly) corresponds to only a portion of the ␣-defensin gene locus sequenced in the Celera assembly. In panel B, the chromosome region containing a conserved cluster of rat myeloid ␣-defensin-like pseudogenes within the telomeric ␤-defensin gene cluster is depicted. predicted translation products of protein-coding exons 2 and 3 of DefmaN-ps genes are deduced prepro-␣-defensins that are terminated by premature stop codons or disrupted by frameshift mutations ( Fig. 5 ; see Tables S3 and S4 in the supplemental material). In Defma13-ps and Defma17-ps, genes with apparent uninterrupted reading frames, the 5Ј-and 3Ј-splice sites deviate from canonical sequences. Therefore, we infer that all predicted DefmaN-ps gene transcripts are defective (Fig. 5) , and many DefmaN-ps pseudogenes appear to have become inactivated by independent events. In addition to DefmaN-ps genes, chimeric DefcrN Hyb -ps genes that contain both rat and mouse genetic elements were evident ( Fig. 4A and 5 and Tables 1 and 2 ). In these two-exon, deduced enteric pseudogenes (four in the NIH assembly and one in the Celera assembly), exon 1 has extensive nucleotide sequence identity with mouse Defcr gene first exons, but the deduced exon 2 products lack primary structural similarity to known rat or mouse ␣-defensins (Fig. 5) .
Phylogeny of mouse ␣-defensin genes. Evolutionary relationships between DefcrN and Defcr-rsN (CRS4C and CRS1C coding genes) were investigated by analysis of their single introns along with introns of rat ␣-defensin genes and pseudogenes ( Table S5 in the supplemental material) relationships, second introns that separate protein-coding exons 2 and 3 (56) were compared (see Materials and Methods). Mouse Defcr genes from both assemblies sort into related subgroups that cluster with Defcr1 and -3, Defcr4 and -5, or Defcr2, based on intron similarities (41) . The Defcr-rsN genes, which code for CRS1C and CRS4C peptides, are more closely related to rat enteric Defa6, Defa8, and Defa9 genes than to any ␣-defensin gene in the mouse (Fig. 7) . Because the first exons of Defcr and Defcr-rs genes share 95% nucleotide sequence identity (18, 19) , these phylogenetic relationships were unexpected yet consistent with mouse ␣-defensin and CRS1C/ 4C-coding genes being evolutionarily distinct (Fig. 7) (41) . Thus, even though CRS1C and CRS4C cDNAs and peptides are only found in mice, they are phylogenetically closer to Paneth cell ␣-defensin genes of the rat. Consistent with their FIG. 6 . Alignment of rat myeloid and mouse vestigial myeloid ␣-defensin gene first exons. The first exons of rat myeloid ␣-defensin genes (see Fig. S2 and Table S5 in the supplemental material) were aligned with the deduced first exons of DefmaN-ps genes (Tables 1 and 2; see Tables S4  and S5 in the supplemental material) by using TCoffee (http://tcoffee.vital-it.ch/cgi-bin/Tcoffee/tcoffee_cgi/index.cgi), and each nucleotide was assigned a specific color (34, 35) . Provisional gene symbol designations are as shown in Fig. 5 . The DefmaN-ps gene first exons show extensive (82 to 90%) nucleotide sequence identity with rat myeloid ␣-defensin gene first exons when subjected to pairwise BLAST alignment separately (data not shown).
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three-exon structures, vestigial mouse myeloid ␣-defensin genes (DefmaN-ps) are more closely related to rat myeloid ␣-defensin genes than to Paneth cell ␣-defensin genes of the mouse or rat (Fig. 7) . These data provide further evidence that DefmaN-ps pseudogenes represent vestigial myeloid ␣-defensin-coding genes that may have originated in a common ancestor of mice and rats.
DISCUSSION
The primary structures of the most abundant Paneth cell ␣-defensins in C57BL/6 mice differ from those of other mouse strains. Evidence for this resulted from characterizing ␣-defensin and pro-␣-defensin proteins isolated from C57BL/6 mouse small intestinal protein extracts and by matching their experimental molecular masses to ␣-defensins deduced from cDNA and gene sequences ( Fig. 1 and 2) . The in vitro bactericidal peptide activities of C57BL/6-specific Crps and those of other strains are comparable (Fig. 3) , suggesting that they also mediate innate immunity in the C57BL/6 mouse small bowel lumen, although their specific effects on particular species of the resident microflora may differ. The genetic basis for C57BL/6 ␣-defensin proteome differences from other mouse strains was apparent by comparisons of the NIH C57BL/6 and Celera mixed-strain genomic assemblies (Fig. 4 and Tables 1  and 2 ; see Fig. S1A to C in the supplemental material). The mixed-strain and NIH assemblies were strikingly different, especially with regard to copy numbers for certain genes and a repeated multigene cassette found only in the NIH assembly (Fig. 4 and Tables 1 and 2 ). The different orientations of several marker genes, including Defcr5, ribo L21, and several of the DefmaN-ps genes, further illustrate the divergence of the locus in these inbred strains. In contrast to the expansion and diversification of the ␣-defensin proteomes, the organization of ␤-defensin gene clusters is much more highly conserved and the primary structures of certain ␤-defensin peptides exhibit similarities across phylogenetic lines (41, 42, 57, 65) . The molecular basis of this disparity remains unknown, but perhaps it relates to receptor-mediated roles that have been identified for members of the ␤-defensin peptide family (4, 7, 15, 49, (62) (63) (64) . In contrast to the more centromeric ␣-defensin gene locus (Fig. 4A) , the telomeric defensin cluster containing several FIG. 7 . Phylogenetic relationships between rat and mouse ␣-defensin, CRS1C, and CRS4C genes. The introns of mouse Paneth cell ␣-defensin, CRS1C, and CRS4C genes from both assemblies, introns of rat enteric ␣-defensin genes, second introns of rat myeloid ␣-defensin genes, and DefmaN-ps genes were used to construct the phylogenetic tree (see Materials and Methods). The tree was rooted with the intron of human ␣-defensin-5 (HD-5), and construction of the tree involved the calculation of the proportion difference (p-distance) of aligned nucleotide sites of the entire intron sequences according to the neighbor-joining method. One thousand bootstrap replications were used to test the reliability of each branch. Solid lines maintain phylogenetic distances, but dashed lines do not in order to maintain the legibility of the sequences of the tree.
DefmaN-ps genes shows extensive conservation between the two assemblies (Fig. 4B) . Finally, both mouse genome assemblies contain approximately 20 ␣-defensin pseudogenes that are related to functional rat myeloid ␣-defensin genes but are unproductive vestiges of apparent ancestral myeloid ␣-defensins (Fig. 5 to 7) . Given the diversity of inactivating mutations recorded in the DefmaN-ps genes, we speculate that inactivation of individual genes may have occurred subsequent to loss of a general factor needed for ␣-defensin gene transcription in promyelocytes.
The peptide comparisons performed here in mice show that strains of the same species, exemplified by C57BL/6, may express Paneth cell ␣-defensins of very different primary structures, yet those remarkably diverse primary structures occur in the context of nine residue positions that are highly conserved in all ␣-defensins (56). Alignments of ␣-defensins reveal canonical biochemical features, including (i) conserved spacing and disulfide connectivities of the six Cys residues (53, 56) , (ii) a Gly at the position corresponding to residue 19 in Crp4 (68) , and (iii) a salt bridge formed by Arg-7 and Glu-15 residues in Crp4 (43, 44) . Exclusive of these conserved residue positions, however, ␣-defensins may differ markedly in amino acid sequence, often precluding identification of gene homologues. The structural constraints introduced by the tridisulfide array impose a triple-stranded ␤-sheet topology on all ␣-defensin peptides, and the Cys(I)-Cys(VI) disulfide bond brings the N and C termini into proximity. The varied primary structures of Crp20 and Crp21, particularly their extended electropositive C termini and reduction of the distance between the Cys(IV) and Cys(V) residue positions by three amino acids, may localize cationic side chains near one pole of the peptide surface and influence bactericidal peptide activity, a hypothesis that is testable by site-directed mutagenesis approaches.
As shown here, for example, Crps 20, 21, and 27 have not been found in strains other than C57BL/6, nor have their cDNAs or genes been cloned from Celera assembly strains or from other strains of mice. Peptides isolated from numerous mouse strains other than C57BL/6 (e.g., Crps 1, 2, 4, and 6) (54) are not detected in C57BL/6 small bowel, and anti-Crp21 immune sera react strongly with C57BL/6 mouse Paneth cells but not with Paneth cells from the BALBc/J strain (data not shown). Similarly, small intestinal cDNAs and corresponding genes cloned from Celera assembly strains (e.g., Crps 1 to 16) (38) are absent from the NIH build, and most are not annotated in the mixed-strain assembly (Table 2) . Because the Defcr1 to -6 genes have been cloned from 129/SvJ mice in lambda phage (20) , sequencing through the gaps in the Celera assembly will identify the position and orientation of the corresponding genes at the locus and provide a more comprehensive annotation than was possible for this study. The genomic and proteomic differences between ␣-defensins of C57BL/6 and other reference strains may be important to consider in studies of innate immune responses to enteric infection (14, 24) . For example, evidence of Paneth cell ␣-defensin induction or repression based on microarray data or using immune reagents based on mixed-strain assembly peptides and genes may be difficult to interpret for experiments performed on the C57BL/6 genetic background.
The genetic, epigenetic, translational, or posttranslational determinants that regulate ␣-defensin gene activity and peptide abundance remain unknown. The rhesus macaque, olive baboon, and horse express many (i.e., 20 or more) diverse enteric ␣-defensins based on cDNA cloning studies (5, 61) , although annotation of the defensin-coding regions of their genomes is incomplete. In contrast, dogs and cattle lack ␣-defensin genes altogether, human Paneth cells have a limited ␣-defensin repertoire consisting only of HD5 and HD6, and rats express only five Paneth cell ␣-defensin genes. Also, the presence of an unusual number of ␣-defensin pseudogenes in the mouse, rat, and rhesus genomes suggests that loss of functional ␣-defensin genes may be a frequent occurrence. Perhaps, inactivation of an individual ␣-defensin gene or addition of a new gene through duplication and subsequent diversification may not influence enteric immunity appreciably in a species with numerous functional genes. Also, despite the 20 or more ␣-defensin genes found in the mouse genome(s), only 6 or 7 peptides occur at measureable levels ( Fig. 1 and 2 ) (54), and similar findings have been made in rhesus macaques (R. A. Llenado et al., unpublished observations) and horses (5) .
The differential sensitivities of particular bacterial species to specific ␣-defensins support the view that peptide diversity may confer selective advantage. For example, transgenic mice that express human HD5 (DEFA5-transgenic [ϩ/ϩ] mice) are immune to oral infection by virulent Salmonella enterica serovar Typhimurium, in contrast to the sensitivity of wild-type mice to this virulent mouse pathogen (46) . Furthermore, ␣-defensins secreted by Paneth cells shape the composition of the mouse small intestinal microbiome, apparently by selecting for peptide-tolerant microbial species as residents in that microbial ecosystem (47) . In the distal small bowel of individual DEFA5-transgenic (ϩ/ϩ) mice, Firmicutes represented 25.5% of bacterial species, compared to 59% in FVB controls, and the percentage of Bacteroidetes was found to be 69.3% in the DEFA5 ϩ/ϩ transgenic mice but only 35% in FVB controls (47) . Thus, the small bowel microflora of mice complemented by production of only a single exogenous ␣-defensin were genotype dependent and significantly different. The possibility that the distinct Paneth cell ␣-defensin repertoire of the C57BL/6 mouse strain has a selective impact on the composition of the microflora is suggested by the fact that C57BL/6 and FVB mice differed significantly in the percent distribution of Firmicutes species and in their relative content of Tenericutes (47) . This published comparison supports the idea that the C57BL/6 small bowel luminal environment differs from that of the FVB strain, and we speculate that it may result from differences in the Paneth cell ␣-defensins secreted by these two strains of mice.
